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-Prevailing expression levels of aquaporin-2 (AQP2) mRNA play a major role in regulating AQP2 protein abundance. Here, we investigated whether AQP2 protein abundance is regulated at a posttranscriptional level as well. The expression levels of both AQP2 mRNA and protein increase in response to arginine vasopressin (AVP) in a concentration-and time-dependent manner in cultured immortalized mouse collecting duct principal cells (mpkCCDcl4 cells). AVP washout from the medium of AVP-pretreated cells revealed that AQP2 mRNA expression progressively decreased over time, whereas AQP2 protein abundance first increased immediately after AVP washout and then gradually decreased over time. Inversely, increasing AVP concentration led to a time-dependent increase of AQP2 mRNA, whereas AQP2 protein abundance first decreased immediately after AVP supplementation and then gradually increased over time. These transient effects arose from altered V2-receptor activity because they could be abolished by SR-121463B, a specific V2-receptor antagonist. Although cycloheximide administration had no effect on transient alterations of AQP2 protein content, these effects were attenuated by administration of chloroquine, a lysosomal inhibitor, or lactacystin, a proteasomal inhibitor. Short-term inhibition of PKA activity significantly increased AQP2 protein abundance and blunted the transient alterations of AQP2 protein content induced by AVP washout and supplementation. In addition, phosphorylated AQP2 abundance increased immediately after AVP supplementation. These results indicate that in response to AVP AQP2 protein abundance in collecting duct principal cells is principally influenced by AQP2 mRNA content but is additionally regulated by PKA-dependent negative feedback acting on AQP2 protein degradation. arginine vasopressin; protein degradation AQUAPORINS CONSTITUTE a family of proteins that facilitate water transport across cell membranes. In mammals, at least 12 members of the aquaporin (AQP) family have been identified so far, and at least 4 AQP isoforms (AQP1-AQP4) play a major role in renal water reabsorption (30) . AQP1 is expressed in the proximal tubule and thin descending limb of Henle and mediates constitutive water reabsorption. AQP2-AQP4 are mainly expressed in the collecting duct (CD) where water enters the cell via apical AQP2 and exits the cell via basolateral AQP3 and AQP4. A feature that sets AQP2, and AQP3 to a lesser extent, apart from the other members of the AQP family is that its expression is largely dependent on the antidiuretic hormone [8-arginine] vasopressin (AVP), which plays a key role in regulated water excretion. Acute increases of circulating AVP concentration induce rapid apical cell surface expression of AQP2 that increases CD water permeability (28) , whereas sustained increases of AVP concentration increase total AQP2 and AQP3 content, further enhancing CD water permeability (41) . AVP controls AQP2 expression by binding to basolateral V 2 receptors, an event that leads to G s ␣/adenylyl cyclase activation, increased cAMP concentration, and increased cAMP-dependent protein kinase activity (7) . In addition to AVP, other factors also influence AQP2 protein content by regulating AQP2 mRNA expression. This has been shown in animals treated with V 2 -receptor antagonists (23, 26) , which display increased AQP2 expression in response to water restriction. Reciprocally, an AVP-independent decrease of AQP2 expression has been shown as a consequence of water loading in AVP-supplemented animals (11, 26) , lithium treatment (21, 24) , and unilateral ureteral obstruction (12) .
Numerous observations show coordinated expression levels occurring between AQP2 mRNA and protein, suggesting that AQP2 protein abundance is directly modulated via altered expression of AQP2 mRNA. For instance, long-term treatment with the V 2 -receptor agonist [1-deamino,8-D-arginine]vasopressin (dDAVP) results in increased expression of both AQP2 mRNA and protein in rats (11) , whereas decreased levels of both AQP2 mRNA and protein were observed in rats treated with V 2 -receptor antagonists (18, 23, 35) . Coordinated decreases or increases of AQP2 mRNA and protein expression were also observed in water-loaded and dehydrated rats, respectively (11, 18, 22, 23, 26) . Of clinical relevance, parallel increased expression levels of AQP2 mRNA and protein reflecting increased AVP activity have been demonstrated in animal models of hepatic cirrhosis (3) and chronic heart failure (44) as well as in pregnant rats (33) , whereas decreased expression levels were found in animals subjected to lithium treatment (21, 24) , ureteral obstruction (12), or potassium deprivation (2, 25) . However, uncoupled expression between AQP2 mRNA and protein has also been described under certain conditions. In hypercalcemic rats, polyuria was accompanied by decreased expression of AQP2 protein, but not mRNA, in the inner medullary collecting duct (IMCD) (38) . Fasting was also shown to result in downregulated AQP2 protein expression in the cortex and outer medulla, although cortical AQP2 mRNA expression remained unaltered (1, 42) . These observations suggest that, in addition to control exerted at the mRNA level, AQP2 protein expression may be adjusted at a posttranscriptional level as well.
We have previously shown that, when grown on permeable filters, mpkCCD cl4 cells, derived from microdissected cortical CDs of a SVPK/Tag transgenic mouse, express large quantities of AQP2 mRNA and protein in response to physiological concentrations of basolateral AVP (10 Ϫ10 M) (5, 14 -16) . Interestingly, when AVP was washed from the cell medium, AQP2 protein expression transiently increased before AQP2 degradation (14) . This observation suggests that in mpkCCD cl4 cells AVP controls AQP2 protein expression both at transcriptional and posttranscriptional levels. In the present study, we further investigated posttranscriptional AQP2 regulation and the mechanisms involved in this process.
MATERIALS AND METHODS
Cell culture. mpkCCDcl4 cells (passages [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] were grown in defined medium supplemented with 2% fetal calf serum (DM: DMEM-Ham's F12 at 1:1 vol/vol, 60 nM sodium selenate, 5 g/ml transferrin, 2 mM glutamine, 50 nM dexamethasone, 1 nM triiodothyronine, 10 ng/ml epidermal growth factor, 5 g/ml insulin, 20 mM D-glucose, and 20 mM HEPES, pH 7.4) (4) at 37°C in 5% CO2-95% air atmosphere. Experiments were performed on confluent cells seeded on permeable filters (Transwell, 0.4-m pore size, 1-cm 2 growth area; Corning Costar, Cambridge, MA). Cells were grown in DM until confluent and then in serum-free and hormone-deprived DM 24 h before experiments.
Western blot analysis. After incubation, mpkCCDcl4 cells were homogenized in 150 l of ice-cold lysis buffer: 20 mM Tris ⅐ HCl, 2 mM EGTA, 2 mM EDTA, 30 mM NaF, 30 mM Na4O7P2, 2 mM Na3VO4, 1 mM 4-(2-aminoethyl)benzenesulfonylfluoride, 10 g/ml leupeptin, 4 g/ml aprotinin, and 1% Triton X-100, pH 7.4. Equal amounts of protein were separated by 10% SDS-PAGE and transferred to polyvinylidene difluoride membranes (Immobilon-P; Millipore, Bedford, MA). AQP2, pAQP2 (phosphorylated AQP2 at Ser-256), and Na-K-ATPase ␣-subunit were detected by Western blotting using rabbit antibodies as described (6, 27, 44) . The antigen-antibody complexes were detected by the SuperSignal substrate method (Pierce, Rockford, IL). Bands were quantified using a video densitometer and ImageQuant software (Molecular Dynamics, Sunnyvale, CA).
Real-time PCR analysis. After incubation, total RNA from mpkCCDcl4 cells was extracted using the RNeasy Mini kit (Qiagen) according to the manufacturer's instructions. RNA concentration and purity were measured by UV spectrophotometry. One microgram of RNA was used to synthesize cDNA using SuperScript II RNase H Ϫ reverse transcriptase (Invitrogen) according to the manufacturer's instructions. PCR was performed on 10 l of cDNA diluted 1:20 (vol/vol) using 3 ng of each primer and 12.5 l of SYBR green Master Mix (Applied Biosystems) to obtain a final reaction volume of 25 l. Triplicate amplification reactions were performed with an ABI Prism 7000 sequence detection system (Applied Biosystems). Primers used for detection of mouse acidic ribosomal phosphoprotein P0 were 5Ј-AATCTCCAGAGGCACCATTG-3Ј and 5Ј-GTTCAGCATGT-TCAGCAGTG-3Ј, those for AQP2 were 5Ј-CTTCCTTCGAGCTGC-CTTC-3Ј and 5Ј-CATTGTTGTGGAGAGCATTGAC-3Ј, and those for V2 receptor were 5Ј-CGTGGGATCCAGAAGCTCC-3Ј and 5Ј-GGCTAGCCAGCAGCATGA-3Ј. Data were analyzed using ABI Prism software (Applied Biosystems), and Po was used as an internal standard. Differences (fold) in cDNA abundance (F) were calculated using the formula F ϭ 2 (Ct1 Ϫ Ct2) , where Ct1 and Ct2 are the number of cycles required to reach the threshold of amplicon abundance for experimental and control conditions, respectively.
Statistics. Results are given as means Ϯ SE from n independent experiments. Each experiment was performed on mpkCCDcl4 cells from the same passage. Statistical differences were assessed using the Mann-Whitney U-test or the Kruskal-Wallis test for comparison of two groups or more, respectively. A P value Ͻ0.05 was considered significant.
RESULTS
AVP increases AQP2 mRNA and protein in a dose-and time-dependent manner in mpkCCD cl4 cells. We previously reported that the expression levels of endogenous AQP2 protein dramatically increase in mpkCCD cl4 cells grown on permeable filters in response to AVP added to the basal medium (14) . In the present study, we compared the concentration dependence and the time course of the effects of AVP on AQP2 mRNA and protein expression in mpkCCD cl4 cells. AQP2 protein content was determined by Western blot analysis, where AQP2 protein was revealed by a narrow 29-kDa band and a more diffuse band of ϳ45 kDa, representing the nonglycosylated and glycosylated forms of AQP2, respectively (33) . AQP2 mRNA content was determined by real-time PCR analysis. Both AQP2 protein ( Ϫ10 M AVP. Half-maximal AQP2 mRNA expression was observed after 3 h of stimulation, and maximal levels were obtained after 8 h, whereas AQP2 protein expression after 8 h of stimulation was only 20% of that obtained after 24 h, indicating that translation of AQP2 mRNA to protein requires several hours in AVP-stimulated mpkCCD cl4 cells.
AVP induces posttranscriptional processing of AQP2 protein in mpkCCD cl4 cells. We have previously shown that AQP2 protein expression increases in AVP-pretreated mpkCCD cl4 cells 1 h after AVP was washed from the medium (AVP chase), compared with AQP2 expression levels of cells that were continuously subjected to AVP (14) . In the present study, we compared AQP2 mRNA and protein expression in mpkCCD cl4 cells that were first pretreated 24 h with AVP 10 Ϫ10 M, after which time AVP was removed from the medium and incubated in the absence of AVP for variable periods of time. Compared with cells treated for 24 h with AVP, AQP2 protein expression significantly increased during the first 3 h of AVP chase and then decreased to reach near baseline levels after 24 h of AVP chase (Fig. 2, A and B) . Contrary to AQP2 protein, AQP2 mRNA gradually decreased over the entire period of AVP chase (Fig. 2C ). Because AVP chase led to increased levels of AQP2 protein expression shortly after AVP washout, we wondered whether these results could be mirrored by abruptly increasing the AVP concentration in AVP-pretreated cells. This was investigated by administrating 10 Ϫ9 M AVP to cells pretreated 24 h with 10 Ϫ10 M AVP and by following AQP2 mRNA and protein expression over time. AQP2 protein expression was found to decrease during the first hour after addition of 10 Ϫ9 M AVP to the cell medium, after which time it gradually increased (Fig. 2, D and E). Contrary to AQP2 protein, AQP2 mRNA expression gradually increased over the entire period after addition of 10 Ϫ9 M AVP to the cell medium (Fig. 2F ).
The specificity of AVP washout acting on AQP2 expression and the role played by the V 2 receptor in this process were investigated. Real-time PCR analysis revealed high V 2 -receptor mRNA content (cycle threshold for V 2 receptor was Ͻ26 and that for P o was Ͻ18; these values were not significantly altered by 24 h of 10 Ϫ10 M AVP stimulation or by either 30 min of AVP chase or 30 min of 10 Ϫ9 M AVP stimulation), indicating stable expression of this receptor mRNA in mpkCCD cl4 cells. Expression levels of AQP2 protein were similarly increased in cells subjected 30 min to AVP chase and cells subjected to 10 Ϫ8 M SR-121463B, a nonpeptidic, competitive, and specific V 2 -receptor antagonist (39) , whereas addition of 10 Ϫ10 M AVP immediately after AVP washout blunted the increase of AQP2 protein expression compared with cells subjected for 24 h to 10 Ϫ10 M AVP (Fig. 3, A and B) . These results indicate that upregulated AQP2 protein expression shortly after AVP washout results from blunted V 2 -receptor activity and not from replacement of the incubation medium. To examine the role played by the V 2 receptor in downregulated AQP2 protein expression that occurs shortly after 10 Ϫ9 M AVP administration, 10 Ϫ10 M AVP-pretreated cells were treated with 10 Ϫ9 M dDAVP for 30 min. Both AVP and dDAVP decreased AQP2 protein expression to similar extents (Fig. 3, C and D, lanes 1-3) , indicating that the V 2 receptor plays a key role in this process. This was further confirmed by treating AVP-pretreated cells with 10 Ϫ8 M SR-121463B for 30 min followed by an additional 30 min of incubation in the presence of 10 Ϫ9 M AVP. Although 10 Ϫ9 M AVP decreased AQP2 protein expression in the absence of SR-121463B, the increased expression levels of AQP2 protein induced by SR-121463B were not altered by 10 Ϫ9 M AVP (Fig. 3, C and D,  lanes 4 -7) .
Together, the time course experiments performed in 10
Ϫ10
M AVP-pretreated cells subjected to AVP chase or to 10 Ϫ9 M AVP suggest that V 2 -receptor activity mediates posttranscriptional inhibition of AQP2 protein expression in mpkCCD cl4 cells. Such a negative feedback mechanism induced by AVP would attenuate expression of AQP2 protein.
AVP enhances AQP2 protein degradation in mpkCCD cl4 cells. An AVP-induced mobilization of sarcoplasmic/endoplasmic reticulum Ca 2ϩ stores that leads to attenuated protein synthesis during the first 30 min after AVP stimulation via the V 1 receptor has been demonstrated in H9c2 ventricular myocytes (37) . AVP-induced intracellular Ca 2ϩ mobilization via stimulation of V 2 receptors has also been demonstrated in perfused rat renal CD (9, 45) , an event that participates in regulated AQP2 trafficking (9) . Because BAPTA has been shown to block both the AVP-induced increase in intracellular free Ca 2ϩ and the ensuing increase of osmotic water permeability (9, 45), we tested whether the decreased levels of AQP2 content shortly after 10 Ϫ9 M AVP administration may be due, at least in part, to intracellular Ca 2ϩ mobilization. For this purpose, 10 Ϫ10 M AVP-pretreated mpkCCD cl4 cells were treated with 10 Ϫ5 M BAPTA-AM for 1 h prior to 30 min of 10 Ϫ9 M AVP stimulation. The extent of the decrease of AQP2 protein content was similar between cells treated or not with BAPTA-AM (Fig. 4, A and B, compare decreased expression  between lanes 1 and 2 and between lanes 3 and 4) , indicating that decreased AQP2 protein expression following enhanced AVP stimulation is not due to intracellular Ca 2ϩ mobilization. We further examined the role that altered translational activity may play in the increased or decreased expression levels of AQP2 protein that occur shortly after AVP chase and 10 (Fig. 4, C and D, compare lanes 2 and 5) . Moreover, the extent of decreased AQP2 protein content induced by 30 min of 10 Ϫ9 M AVP stimulation was similar between cells treated or not with cycloheximide (Fig. 4, C and  D, compare decreased expression between lanes 1 and 3 and  between lanes 4 and 6) . These results strongly suggest that AQP2 mRNA translation in mpkCCD cl4 cells is not altered immediately after altered V 2 -receptor activity.
We have previously shown that both lysosomal and proteasomal pathways participate in AQP2 protein degradation in mpkCCD cl4 cells (14) . We examined AQP2 protein degradation shortly following AVP removal or AVP supplementation by treating 10 Ϫ10 M AVP-pretreated cells with a lysomal or proteasomal inhibitor for 8 h, after which period AVP was washed from the medium or readministered at a concentration of 10 Ϫ9 M for an additional 30 min. Chloroquine (10 Ϫ4 M), a weak base that increases lysosomal pH thereby inhibiting the proteolytic activity of lysosomal enzymes, increased AQP2 protein content compared with untreated cells (Fig. 5, A and B,   compare lanes 4 and 1) . Results show that the increase of AQP2 protein content induced after 30 min of AVP chase was similar between cells treated or not with chloroquine (Fig. 5, A  and B, compare lanes 2 and 5) . In addition, the decrease in AQP2 protein content induced after 30 min by 10 Ϫ9 M AVP was attenuated in cells treated with chloroquine (Fig. 5, A and B, compare decreased expression between lanes 1 and 3 and between lanes 4 and 6). Administration of 5 ϫ 10 Ϫ6 M lactacystin, a potent and specific inhibitor of the proteasomal pathway, produced results similar to chloroquine. Lactacystin increased AQP2 protein content compared with untreated cells (Fig. 5, C and D, compare lanes 4 and 1) . Results show that the extent of increased AQP2 protein expression induced after 30 min of AVP chase was similar between cells treated or not with lactacystin (Fig. 5, C and D, compare lanes 2 and 5) . In addition, lactacytin attenuated decreased AQP2 protein expression induced after 30 min by 10 Ϫ9 M AVP (Fig. 5, C and D, compare decreased expression between lanes 1 and 3 and between lanes 4 and 6). Together, our results reveal a transient decrease of AQP2 protein degradation shortly following abrogated V 2 -receptor activity and increased AQP2 degradation shortly following enhanced V 2 -receptor stimulation. In addition, our results suggest that both lysosomal and proteasomal pathways participate in this process.
The intracellular mechanisms that participate in the transient alterations of AQP2 protein content following altered V 2 -receptor activity was further investigated in mpkCCD cl4 cells. Modulation of renal water transport by PGE 2 is well established (13) and at least partly results from AVP antagonism. PGE 2 was additionally shown to reverse AVP-induced AQP2 translocation to the plasma membrane (46) and inhibition of cyclooxygenase-2 (COX-2), a key player in PGE 2 synthesis, prevented downregulated AQP2 expression induced by bilateral urelateral obstruction (8, 31) . Because COX-2 expression is induced by AVP in the inner medulla (47), we investigated whether the transient alterations of AQP2 protein expression after AVP removal or supplementation are linked to reduced or enhanced PGE 2 synthesis. This was performed by comparing altered AQP2 protein expression between cells treated or not with 10 Ϫ5 M indomethacin, a classical COX inhibitor. As shown in Fig. 6 , indomethacin did not significantly alter the transient increase or decrease of AQP2 protein content, indicating that altered PGE 2 synthesis is not responsible for this event.
We next investigated the role of PKA activity in AVPinducible AQP2 posttranscriptional processing by comparing altered AQP2 protein expression between cells treated or not with 5 ϫ 10 Ϫ6 M myristoylated PKA inhibitor (PKI; Calbiochem). The efficacy of PKI in mpkCCD cl4 cells was previously confirmed (16) . One hour of PKI treatment significantly increased AQP2 protein abundance (Fig. 7, A and B, compare  lanes 4 and 1) , blunted AQP2 protein upregulation induced by AVP washout (Fig. 7, A and B, compare increased expression  between lanes 1 and 2 and between lanes 4 and 5) , and attenuated AQP2 protein downregulation induced by AVP supplementation (Fig. 7, A and B, compare reduced expression  between lanes 1 and 3 and between lanes 4 and 6) . These results strongly suggest that the transient changes of AQP2 protein abundance, and therefore degradation, resulting from altered V 2 -receptor activity in mpkCCD cl4 cells are largely mediated by changes in PKA activity. This incited us to investigate whether altered V 2 -receptor activity influences phosphorylation of AQP2 itself since AQP2 phosphorylation, at Ser-256, is mediated by PKA (20) . For this purpose, we performed Western blot analysis using antiserum against AQP2 amino acids 253-262 containing phosphorylated Ser-256 to measure pAQP2 levels after 30 min of AVP chase or AVP supplementation in AVP-pretreated cells. Similar to total AQP2, i.e., the AQP2 signal obtained by the polyclonal anti-AQP2 antibody (44) (Fig. 7, C and D) , the intensity of the signal corresponding to pAQP2, revealed by several distinct bands ϳ29 kDa in size and a more diffuse band ϳ45 kDa in size, increased in an AVP dose-and time-dependent manner (Fig. 7, E and F, compare lanes 6, 3, and 1 and compare lanes  1 and 2) . Interestingly, although 30 min of AVP chase increased total AQP2 and pAQP2 abundance proportionally (Fig.  7, E and F, compare lanes 3 and 4) , 30 min of AVP supplementation increased pAQP2 content (Fig. 7, E and F, compare  lanes 3 and 5) despite decreased abundance of total AQP2 (Fig.  7, C and D, compare lanes 4 and 6) . This observation indicates that AQP2 phosphorylation at Ser-256 may precede AQP2 degradation induced by AVP. Close inspection of pAQP2 immunoblots revealed two bands corresponding to ϳ28 and 29 kDa, discernable in the presence of AVP. These two bands were replaced by a single band of ϳ28 kDa in response to 30 min of AVP chase. On the other hand, 30 min of 10 Ϫ9 M AVP supplementation resulted in a shift toward the ϳ29-kDa band. We hypothesize that the 29-kDa band may result from posttranslational processing and may represent an AVP-induced AQP2 predegradation product.
DISCUSSION
We have previously shown that stimulation of mpkCCD cl4 cells with AVP induces upregulated expression of both AQP2 mRNA and protein, whereas removal of AVP from the cell medium ultimately leads to their degradation (14) . In the present study, AVP washout was found to transiently increase AQP2 protein expression, whereas enhanced V 2 -receptor activity mirrored this effect by transiently decreasing AQP2 protein expression. The altered expression levels of AQP2 protein were not associated with altered expression of AQP2 mRNA, indicating that in addition to transcriptional control AQP2 protein expression is also regulated at a posttranscriptional level in mpkCCD cl4 cells. Posttranscriptional processing of AQP2 protein was found to depend on AQP2 protein degradation rather than altered protein synthesis, a process involving both lysosomal and proteasomal degradation pathways. Together, our results suggest that in cultured mpkCCD cl4 cells AVP induces both AQP2 gene transcription and enhances AQP2 protein degradation. The physiological context of AVP-mediated increased degradation of AQP2 protein shown in the present study may be comparable to that of investigations that demonstrate conditional protein degradation of specific targets induced by specific stimuli. For instance, lysosomal degradation of E-cadherin induced by v-Src was found to participate in cell-to-cell dissociation during epithelial to mesenchymal transition (34) , and proteasome-dependent degradation of the transcription factor AP-2␣ by TNF-␣ was found to play a critical role in TNF-␣-induced apoptosis (32). Most reports from literature indicate coordinated expression levels between AQP2 mRNA and protein. For instance, the expression levels of both AQP2 mRNA and protein increased in rats treated with AVP (17, 29) and decreased in rats treated with V 2 -receptor antagonists (10, 23, 26) . These observations suggest that AQP2 gene transcription, and possibly selective degradation of AQP2 mRNA, plays a capital role in controlled AQP2 protein abundance. However, under certain conditions, uncoupled expression between AQP2 protein and mRNA has been described. The enhanced water permeability of isolated IMCD from rats made chronically hypercalcemic by dihydrotachysterol was accompanied by significantly reduced expression levels of AQP2 protein, but not by mRNA (38) . Polyuria exhibited in rats deprived of food for 24 h was also shown to be accompanied by decreased AQP2 protein, but not mRNA, content in the cortex, whereas the outer medulla displayed decreased expression of both AQP2 protein and mRNA (1, 42).
These observations are indicative of AQP2 posttranscriptional processing occurring in vivo.
Further indications of in vivo regulation of AQP2 protein content occurring at a posttranscriptional level has been provided by experiments performed with V 2 -receptor antagonists. Administration of OPC-31260 in rats revealed decreased AQP2 mRNA in inner medulla expression occurring within 30 min of treatment, which persisted 24 h later (10) . AQP2 protein content, however, was found to be similar between OPC-31260-and sham-operated animals after 1 and 24 h of treatment and only decreased in animals administered with OPC-31260 for 60 h (10, 23) . The lag of AQP2 protein degradation compared with that of AQP2 mRNA may possibly be due to slow AQP2 protein degradation occurring in these animals, as opposed to rapid degradation of AQP2 mRNA. However, rapidly downregulated expression of AQP2 protein has been described under certain conditions. For instance, rats fed a K ϩ -free diet displayed decreased cortical AQP2 mRNA and protein abundance after 12 h of K ϩ deprivation (2). Downregulated expression of both AQP2 mRNA and protein was also observed after 24 h in inner medulla of obstructed kidneys (12) . Because both of these conditions do not arise from decreased plasma AVP concentration (12, 25, 43) , it is possible that reduced V 2 -receptor activity in OPC-31260-treated animals temporally reduces AQP2 protein degradation, an event that occurs concurrently with decreased AQP2 mRNA expression. This effect would be similar to that found in the present study produced in cultured mpkCCD cl4 cells in which AVP chase or SR-121463B administration transiently increased AQP2 protein, but not mRNA, abundance via decreased AQP2 protein degradation.
Interestingly, the decreased abundance of AQP2 protein, but not mRNA, in both dihydrotachysterol-treated and fasted animals occurred independently of changes in AVP plasma concentration (36, 42) . Similar changes in AQP2 expression resulting from fasting were also observed in AVP-deficient Brattleboro rats (42) . Together with the results of the present study, these observations indicate that posttranscriptional changes in AQP2 protein content may be induced by AVP and/or by factors acting independently of AVP, possibly by acting via pathways normally stimulated by AVP and that influence protein degradation. Although recent studies have demonstrated decreased AQP2 abundance resulting from increased COX activity (8, 31) , our results indicate that, in mpkCCD cl4 cells, this pathway is not responsible for altered AQP2 protein abundance occurring in response to acute variations of V 2 -receptor activity.
The results of the present study suggest that PKA controls AQP2 abundance at two distinct levels: it promotes AQP2 mRNA expression on the one hand and retroactively constrains AQP2 protein abundance on the other hand, most likely by promoting AQP2 degradation. The rapid (Յ30 min) effects produced by AVP washout and AVP supplementation on AQP2 protein abundance additionally suggest that the mechanism responsible for these effects consists of posttranscriptional processing, i.e., phosphorylation, as opposed to transcriptional-mediated processing. This is further supported by the observation that both effects occur regardless of the presence or absence of the translational inhibitor cycloheximide. The observation that pAQP2 abundance is increased after 30 min of AVP supplementation indicates that AQP2 degradation is preceded by AQP2 phosphorylation at Ser-256. AQP2 phosphorylation is necessary for its cell surface expression (19) . The observation made by the present study that links PKA activity to AVP-induced AQP2 protein degradation, possibly via AQP2 phosphorylation, in mpkCCD cl4 cells may be tentatively compared with observations made in renal CD8 cells and IMCD cells, establishing the necessity of active PKA for AQP2 cell surface expression, a process that involves phosphorylation of AQP2 itself and of other proteins that mediate AQP2 exocytosis, such as RhoA (27, 40) . Although further investigation is needed, these observations indicate that AQP2 cell surface expression may be tightly regulated by PKA via dual stimulation of AQP2 exocytosis and degradation.
In conclusion, our results indicate that AQP2 protein abundance is regulated at a posttranscriptional level via increased AQP2 protein degradation induced by enhanced V 2 -receptor activity. This process is dependent on PKA activity and involves phosphorylation of AQP2 itself. PKA may therefore play a dual role in controlling AQP2 abundance: it increases AQP2 gene transcription following V 2 -receptor stimulation and retroactively controls AQP2 protein content by promoting its degradation. 
